ABSTRACT. Guided ultrasonic waves are frequently used for both structural health monitoring and nondestructive testing of metallic plate-like structures. Signals resulting from waves generated by one or more fixed piezoelectric transducers can be recorded around the periphery of an area of interest using a non-contact approach such as a scanning laser vibrometer. It is desired to determine the location of a possible flaw from this recorded data without using any baseline information. Prior work has employed delay-and-sum imaging after applying a source removal algorithm, but this process did not consider the effects of boundary reflections. While these effects may be sufficiently small to neglect in a large plate, in smaller structures boundary effects are significant and can completely obscure small flaws. Proposed here is an iterative method to perform baseline-free imaging of damage in a rectangular plate with edge reflections. Results are shown for simulated data to evaluate the efficacy of the proposed method.
INTRODUCTION
Guided wave imaging methods for structural health monitoring typically utilize baseline signals to isolate scattered echoes from recorded signals [1, 2] . However, baseline data may not be available, or the purpose of the imaging may be nondestructive evaluation for which there are no baselines. To overcome this problem, a baseline-free imaging method was recently proposed [3] , but it can be adversely affected by reflections from nearby boundaries. Here we propose a new method for removing reflections from linear boundaries, which enables more robust baseline-free imaging of scatterers.
THEORY Lamb Wave Propagation
Lamb waves are dispersive; that is, different frequencies travel at different velocities. When radiating from an omnidirectional source, their far-field amplitudes decay inversely proportionally to the square root of the distance propagated. For convenience, we define the propagation operator, which describes a waveform ( ) 
Here {} ⋅ denotes the Fourier transform with angular frequency variable , ω ( ) p c ω is the phase velocity dispersion curve for the Lamb wave mode, and d is the distance of forward propagation (d < 0 indicates back propagation by a distance d ). Given a source at location s & that induces a Lamb wave with time function ( ), f t the measured waveform ( )
If a scatterer is present, a second scattered wave
is generated when it is encountered by the wave propagating from the source. For a uniform scatterer with scattering coefficient K located at ,
. ,
Review of Baseline-Free Imaging
The previous implementation of baseline-free imaging, as described in [3] , uses a single source and N receivers with signals recorded via a scanning laser vibrometer or similar method. Since no baseline data are used, the only signals available are the received signals that are generated at the time of inspection, In the source estimation and removal phase, the area of interest is divided into pixels and imaged by back-propagating the received signals using delay-and-sum imaging [1, 2] . The location of the source is estimated to be the location of the highest-valued pixel, and the source time function is estimated by averaging the back-propagated received signals at that point. This function is then forward propagated to each receiver and subtracted using an adaptive method. Ideally, the result of this operation would be comparable to baseline subtraction, and imaging of the scatterer can be performed accordingly.
Effects of Boundary Reflections
The effects of boundary reflections may be conceptualized using the method of images [4] , which is an approximation for this problem. Using this method, the plate structure is reflected about its boundaries, creating additional images of itself. Here we refer to the original plate structure as the physical plate and its images as virtual plates. The physical source and any physical flaws are reflected as well, resulting in virtual sources and virtual flaws. Hereafter, the term source includes both physical and virtual sources.
When the physical source is excited, the virtual sources are simultaneously excited; however, the excitation function of these sources will, in general, not match the physical source time function because edge reflection coefficients are not identically one [5] . In theory, there are infinitely many virtual plates in each direction; in practice, only those plates near the physical plate will cause echoes to arrive within the recorded time window. Figure 1 
METHODOLOGY
This method assumes negligible mode conversion because of edge reflections, which is a reasonable assumption when either working below the A 1 cutoff frequency or using transducers that are sensitive to a single mode. This method extends the original algorithm, which removed only the physical source, to also removing the virtual sources. By locating and removing virtual sources, it is possible to eliminate, or at least reduce, the effects of reflections from linear boundaries. The precise shape or size of the structure does not need to be known. Here we discuss locating the sources, estimating the source time function, adaptively removing the sources, and imaging the scatterer(s). 
Virtual Source Location
As is the case with physical sources, virtual sources may be located using delayand-sum imaging. If an area much larger than the plate is imaged, there will be large pixel values near any source -physical or virtual. Imaging is performed over this larger area, which we call the super plate, to find all nearby sources.
To perform imaging, the super plate is divided into pixel locations. Let P denote the set of such locations. For each pixel location, we back-propagate the received signals to that point and take the sum (equations are shown in continuous time for clarity):
The pixel value is the energy in the signal before time T s :
The resulting source image ( )
1
V p & will have high amplitude pixel values near all sources. Figure 2 shows an example of a source image using eight virtual plates.
After generating this image, it is necessary to estimate the locations of each source. For the simulated data described here, it was sufficient to iteratively select the highestvalued pixel in the image as a source location, and then exclude nearby high-valued pixels from future searches, until it was determined that no other sources remained. This algorithm results in a set of K sources where k s & denotes the location of the kth source. After locating the sources on the super plate, each source must be removed. Two factors influence the performance of the removal process: (1) the removal algorithm, and (2) the removal order. Source removal requires first estimating the source time function and then adaptively removing the source from each recorded signal. The removal of an arbitrary source is discussed, followed by an algorithm for determining the order in which to remove sources.
Source Time Function Estimation
Consider the super plate that originally contained K sources, of which m sources have been removed, 0
1 . 
Adaptive Source Removal
After determining the time function for the source, it must be forward-propagated and subtracted from each receiver. The forward-propagated estimated source time function ( ) F , r n t f is determined by forward-propagating ( ) r t f to each receiver:
, , .
In theory, at this point all that remains is to subtract the forward-propagated signals from the original received signals. However, an adaptive method increases the robustness of the algorithm against errors in both dispersion curves and source locations. For each receiver, we perturb the forward-propagated signal by calculating an optimal time shift and amplitude scale; if reasonable, the perturbed signal is subtracted instead of the original signal. First, the optimal time shift is calculated from the cross-correlation,
where denotes cross-correlation and T period is the duration of one period of the input tone burst. The time-shifted signal is then defined as 
NUMERICAL RESULTS
The methodology was tested using approximate numerical simulations based on the method of images for a 610 mm × 610 mm × 6.35 mm aluminum plate. The source excitation was a 5-cycle, 250 kHz Hanning windowed tone burst using only the S 0 mode (i.e., a single mode assumption). A total of 164 receivers were used that formed a square with edge length 410 mm. A 3×3 grid of plates was considered for the method of images where the center plate is the physical plate. A reflection coefficient of −1 was assumed for all edge reflections. For all imaging phases, only 40 equally-spaced receivers were used from the set of 164; all receivers were used for source estimation and removal.
The scatterer was assumed to be uniform with the scatterering coefficient selected to approximately match prior experiments. The source was located at (149 mm, 190 mm), and the flaw was located at (250 mm, 382 mm). Figure 3(a) is the image obtained using the original method without boundary compensation, and is shown for comparison. It is clear that the scatterer is buried in the imaging artifacts and cannot be detected. Figure 3(b) is the image of the same region using the same data but with boundary compensation. The scatterer is now clearly visible, and its amplitude is 4.5 dB larger than the largest artifacts. 
SUMMARY AND CONCLUSIONS
Linear boundary reflection effects in guided waves can be understood using the method of images. It is possible to compensate for these effects by locating and removing the virtual sources created by these boundaries. By treating each virtual source separately, it is possible to be robust to reflections from linear edges. Source removal is improved by selectively ignoring receivers which are known to be subject to interference and employing selective adaptive subtraction. Future work should focus on algorithmic improvements driven by further simulations and experimental validation.
